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ABSTRACT
We report the first discovery of a multi-planetary system by the HATSouth network, HATS-59b,c,
a planetary system with an inner transiting hot Jupiter and an outer cold massive giant planet, which
was detected via radial velocity. The inner transiting planet, HATS-59b, is on an eccentric orbit with
e = 0.129 ± 0.049, orbiting a V = 13.951 ± 0.030 mag solar-like star (M? = 1.038 ± 0.039M and
R? = 1.036± 0.067R) with a period of 5.416081± 0.000016 days. The outer companion, HATS-59c
is on a circular orbit with m sin i = 12.70± 0.87MJ and a period of 1422± 14 days. The inner planet
has a mass of 0.806 ± 0.069MJ and a radius of 1.126 ± 0.077RJ , yielding a density of 0.70 ± 0.16
g cm−3. Unlike most of the planetary systems that include only a single hot Jupiter, HATS-59b,c
includes, in addition to the transiting hot Jupiter, a massive outer companion. The architecture of
this system is valuable for understanding planet migration.
Subject headings: planetary systems — stars: individual (HATS-59) — techniques: spectroscopic,
photometric
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1. INTRODUCTION
During the past decade, the number of exoplanets has
increased steadily and by now more than 3500 exoplan-
ets have been statistically validated. Exoplanets are very
common and have a wide variety of properties (for a re-
view check Winn & Fabrycky 2015), which offer a unique
opportunity to constrain their formation and evolution
(Mordasini et al. 2016; Jin & Mordasini 2018). Hot
Jupiters, i.e. gas giant planets on short orbital periods,
still pose many challenges for planet formation models.
It is believed that such planets formed beyond the iceline,
several au from the central star, and migrated inwards
through interactions with the disk (e.g. Lin et al. 1996).
However, disk migration predicts circular and aligned or-
bits (e.g. Goldreich & Tremaine 1980; Artymowicz 1993)
and cannot explain the existence of several hot Jupiters
that have been found on retrogade or misaligned orbits
(for a review see Winn & Fabrycky 2015). Alternative
scenarios have been thus proposed, which involve inter-
actions with a third distant body or planet-planet scat-
tering that can result in eccentric and misaligned orbits
(Kozai 1962; Lidov 1962; Nagasawa et al. 2008; Li et al.
2014; Petrovich 2015).
One approach to put constraints on the different migra-
tion mechanisms is to measure the spin-orbit alignment
via the Rossiter-McLaughlin effect (e.g., Queloz et al.
2000; Zhou et al. 2015). Another approach is to search
for planetary or stellar companions at large separations,
which could have influenced the dynamical evolution of
the inner planet. Knutson et al. (2014) performed a long
term radial velocity monitoring of 51 systems known to
host a hot Jupiter, with the goal to detect further plane-
tary companions. They estimated an occurrence rate of
51 ± 10% for companions with masses between 1-13MJ
and orbital semi-major axes between 1-20 au. Ngo et al.
(2015) presented the results on searching for stellar com-
panions around 50 out of the 51 selected systems from
Knutson et al. (2014) study. They corrected for survey
incompleteness and reported a stellar companion fraction
of 48 ± 9%. Combining the results of both studies, Ngo
et al. (2015) estimated that 72± 16% of hot Jupiters are
part of multi-planet and/or multi-star systems.
In this work, we report the discovery of HATS-59b,c,
the first multi-planet system detected by the HATSouth
survey (Bakos et al. 2013). The star hosts an inner hot
Jupiter detected via its transits and an outer cold mas-
sive giant planet detected via the radial velocity vari-
ations of the host star. The possibility of additional
outer planetary companions to transiting hot Jupiter has
been proposed, by e.g. Rabus et al. (2009) and in fact,
there have been only a few transiting planets with an
outer planetary companion for which a full orbit was de-
tected via radial velocity, such as HAT-P-13b,c (Bakos
et al. 2009), HAT-P-17b,c (Howard et al. 2012), Kepler-
424b,c (Endl et al. 2014), WASP-41b,c (Neveu-VanMalle
et al. 2016), WASP-47b,c (Hellier et al. 2012; Becker
et al. 2015; Neveu-VanMalle et al. 2016), and WASP-
53b,c (Triaud et al. 2017). Among all the systems with a
transiting hot Jupiter known to have outer companions,
HAT-P-13 c and WASP-53b,c are the only massive plan-
etary companions with a minimum mass greater than
HATS-59 c. The few detections of companions around
transiting planets is due, to some extent, by the lack
of radial velocity follow-up observations. Hot Jupiters
in multi-planet systems provide a unique opportunity to
put observational constraints on migration models and
also could be used to probe the tidal love number of the
hot Jupiter (Buhler et al. 2016; Hardy et al. 2017), which
in turn constrains the planetary interior structure (Baty-
gin et al. 2009). Therefore, monitoring these systems is
very interesting for planet formation and interior struc-
ture models.
The paper is structured as follows: in Section 2, we
show the planetary signal detected by the HATSouth
network and present the photometric and spectroscopic
follow-up observations that allowed us to characterize
the system. In Section 3, we derive the stellar param-
eters and jointly model the data to derive the planetary
parameters. Our results are finally summarized in Sec-
tion 4.
2. OBSERVATIONS
2.1. Photometry
2.1.1. Photometric detection
The star HATS-59 (Table 3) was observed by HAT-
South instruments between UT 2010 January 19 and
UT 2010 August 10 using the HS-1, HS-3, and HS-5
units at Las Campanas Observatory (LCO) in Chile, the
H.E.S.S. site in Namibia, and Siding Springs Observatory
(SSO) in Australia, respectively. A total of 3113, 4690
and 658 images of HATS-59 were obtained with the HS-1,
HS-3 and HS-5 telescopes, respectively. The observations
were obtained through a Sloan r filter with an exposure
time of 240 s. The data were reduced to trend-filtered
light curves using the aperture photometry pipeline de-
scribed by Penev et al. (2013) and making use of External
Parameter Decorrelation (EPD; Bakos et al. 2010) and
the Trend Filtering Algorithm (TFA; Kova´cs et al. 2005)
to remove systematic variations. We searched for transits
using the Box Least Squares (BLS; Kova´cs et al. 2002)
fitting algorithm, and detected a P = 5.4161 day periodic
transit signal in the light curve of HATS-59 (Figure 1;
the data are available in Table 1). The per point RMS of
the residual combined filtered HATSouth light curve (af-
ter subtracting the best-fit model transit) is 0.012 mag,
which is typical for a star of this magnitude.
2.1.2. Photometric follow-up
In order to confirm that the transit signals detected in
the discovery light curve are due to a transiting planet,
we obtained photometric follow-up observations of three
transit events. These light curves allow us to refine the
ephemeris of the system and to determine precise param-
eters of the system. All the photometric data are pro-
vided in Table 1 and the follow-up light curves are shown
in Figure 2 along with the best fit model and residuals.
An ingress was observed with the 0.3 m Perth Exo-
planet Telescope (PEST) on 3 March 2013, using the
RC filter. The photometric precision of the light curve
was 5.0 mmag with a cadence of 130 s. Another ingress
was observed on 10 April 2013 using the Faulkes Tele-
scope South (FTS), which is a fully automated telescope
operated as part of the Las Cumbres Observatory Global
Telescope (LCOGT; Brown et al. 2013). The transit was
observed in the i-band filter achieving a photometric pre-
cision of 1.6 mmag with a cadence of 113 s. An egress
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Fig. 1.— Unbinned instrumental r band light curve of HATS-
59 folded with the period P = 5.4160810 days resulting from the
global fit described in Section 3. The solid line shows the best-fit
transit model (see Section 3). In the lower panel we zoom-in on
the transit; the dark filled points here show the light curve binned
in phase using a bin-size of 0.002.
was obtained on 21 December 2013 with the multiband
imager GROND (Greiner et al. 2008), mounted on the
2.2 m telescope in La Silla Observatory, using four differ-
ent filters (g, r, i, z). The light curve had a precision of
1.7 mmag in the g band, 1.0 mmag in r, 1.1 mmag in i,
and 1.1 mmag in z, with a cadence of 168 s. The details
of the data reduction for these facilities are described
in Penev et al. (2013), Mohler-Fischer et al. (2013) and
Zhou et al. (2014b).
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Fig. 2.— Unbinned follow-up transit light curve of HATS-59.
The facilities and filters used, and the dates of each event are listed.
Our best fit is shown by the solid lines. The residuals from the best-
fit model are shown below in the same order.
2.2. Spectroscopic Observations
HATS-59 was spectroscopically observed between
April 2011 and March 2016 to confirm the planetary na-
ture of the transit signals and to estimate the mass and
therefore the density of the planet. Furthermore, the
long radial velocity (RV) monitoring of the star allowed
us to detect an outer companion with a longer orbital
period than the transiting planet. We present the RV
used to characterize the system in Figure 5 and provide
the data in Table 2.
2.2.1. Reconnaissance Spectroscopy
Reconnaissance low-resolution spectroscopic follow-up
observations are important to rule out various false pos-
itive scenarios, such as a primary giant star, or large RV
variations indicating that the transiting object is itself
a star. Reconnaissance spectroscopic observations were
carried out with the WiFeS spectrograph (Dopita et al.
2007) on the ANU 2.3 m telescope. We obtained a single
R = 3000 spectrum to estimate the stellar atmospheric
parameters Teff?, [Fe/H], and v sin i and were used to con-
firm that the star is a dwarf. We also obtained 7 spectra
with a higher resolution (R = 7000) to look for possible
large RV variations at the ∼ 2 km s−1 level. The spec-
tra were extracted and reduced following Bayliss et al.
(2013). Another reconnaissance spectrum was observed
with the FIES spectrograph at the Nordic Optical Tele-
scope (Telting et al. 2014), where it was reduced follow-
ing Buchhave et al. (2010). We did not find large RV
variations and thus ruled out the possibility that this
system might be an eclipsing binary displaying a large
radial velocity amplitude. We therefore proceeded with
acquiring high precision RV observations to characterize
the system.
2.2.2. High Precision Radial Velocities
We carried out an intensive RV follow-up campaign
to measure, with high precision, the semi-amplitude of
the RV variations due to the transiting planet. The RV
observations showed variations in phase with the tran-
sit ephemeris of the interior planet. They, additionally,
showed evidence for a large amplitude sinusoidal varia-
tion with a period of ∼ 1400 days. We next describe the
observations and the data reduction of all the spectro-
graphs used in this analysis.
We obtained 9 spectra with CORALIE (Queloz et al.
2001), an echelle fibre-fed spectrograph mounted on the
Euler 1.2 m in La Silla Observatory. We also obtained
5 spectra with the Planet Finder Spectrograph (PFS,
Crane et al. 2010) on the Magellan Clay 6.5 m in Las
Campanas Observatory and 7 spectra with CYCLOPS
on the 3.9 m Anglo-Australian Telescope. Most of the
spectra used in this analysis, most importantly for the
discovery of the second outer companion, were obtained
with FEROS on the MPG 2.2 m (Kaufer & Pasquini
1998) in La Silla Observatory. We observed a total of 24
spectra with FEROS, which is a high resolution echelle
spectrograph (Kaufer & Pasquini 1998). All the spectra
acquired with FEROS and CORALIE were reduced, ex-
tracted, and analysed using the CERES pipeline (Brahm
et al. 2017a). For the data reduction of PFS spectra, we
obtained a template spectrum by using the 0.′′5 slit, which
was then used as reference for computing the radial ve-
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TABLE 1
Differential photometry of HATS-59
BJD Maga σMag Mag(orig)
b Filter Instrument
(2 400 000+)
55372.26299 −0.01448 0.00725 · · · r HS/G563.1
55274.77568 0.01224 0.00650 · · · r HS/G563.1
55296.44071 0.01384 0.00668 · · · r HS/G563.1
55274.77891 −0.01225 0.00628 · · · r HS/G563.1
55296.44428 −0.00169 0.00659 · · · r HS/G563.1
55274.78240 −0.01307 0.00627 · · · r HS/G563.1
55296.44754 −0.00042 0.00652 · · · r HS/G563.1
55274.78561 0.00435 0.00643 · · · r HS/G563.1
55296.45080 −0.00521 0.00660 · · · r HS/G563.1
55372.27744 0.00356 0.00771 · · · r HS/G563.1
Note. — This table is available in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.
The data are also available on the HATSouth website at http://www.hatsouth.
org.
a The out-of-transit level has been subtracted. For the HATSouth light curve
(rows with “HS” in the Instrument column), these magnitudes have been de-
trended using the EPD and TFA procedures prior to fitting a transit model to
the light curve. For the follow-up light curves (rows with an Instrument other
than “HS”) these magnitudes have been detrended with the EPD procedure,
carried out simultaneously with the transit fit.
b Raw magnitude values without application of the EPD procedure. This is
only reported for the follow-up light curve.
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Fig. 3.— Astralux Sur lucky image of HATS-59 using z′. Cir-
cles of 1′′ and 3 ′′ radii are shown. No neighboring companion is
detected within 2′′.
locities at different epochs by obtaining spectra with an
I2-cell. The spectra that were acquired with the I2-cell
were processed as described in Butler et al. (1996). De-
tails on the data reduction and analysis are described in
previous HATSouth discovery papers, e.g. Jorda´n et al.
(2014); Zhou et al. (2014a); Hartman et al. (2015). For
details of the data reduction of CYCLOPS spectra, see
Penev et al. (2013).
2.3. Lucky Imaging
High spatial resolution imaging were obtained as part
of the follow-up campaign using the Astralux Sur cam-
era (Hippler et al. 2009) on the New Technology Tele-
scope (NTT), at La Silla Observatory in Chile. These
observations are useful to identify close stellar compan-
ions that could affect the transit depth. Lucky imaging
observations were obtained on December 23, 2015 using
the SDSS z′ filter and reduced following Espinoza et al.
(2016) but we used instead the plate scale derived in
0
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∆
z
′
Radial distance (arcsec)
HATS-59
Fig. 4.— Contrast curve for of HATS-59 using the Astralux Sur
z′ observations. Gray bands show the uncertainty given by the
scatter in the contrast in the azimuthal direction at a given radius.
Janson et al. (2017) of 15.2 mas/pixel, which is a better
estimate than the one estimated in our previous work.
Figure 3 shows the final reduced image and Figure 4
shows the contrast curve, where no resolved companion
is detected within 2′′.
3. ANALYSIS
3.1. Properties of the Parent Star
It is important to characterize the host star in order to
measure precise planetary parameters. We used ZASPE
(Brahm et al. 2017b) to get an initial estimate of the at-
mospheric parameters (Teff? [Fe/H] v sin i, and log g?).
The parameters were determined using the FEROS spec-
tra, which were co-added to obtain a high signal-to-noise
ratio spectrum. ZASPE determines the stellar parame-
ters via least-squares minimization against a grid of syn-
thetic spectra in the spectral regions most sensitive to
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Fig. 5.— Top left: High-precision RV measurements from MPG 2.2 m/FEROS, Euler 1.2 m/Coralie, Magellan 6.5 m/PFS, and AAT-
3.9m/CYCLOPS, together with our best-fit two-planet orbit model, plotted as a function of time. The center-of-mass velocity has been
subtracted. The error bars include the jitter which is varied independently for each instrument in the fit. Left, second panel: RV O−C
residuals from the two planet model, plotted as a function of time. Left, third panel: RV residuals after subtracting only the model variation
due to the inner planet, plotted as a function of time. Left, bottom panel: RV residuals after subtracting only the model variation due to
the outer planet, plotted as a function of time. Top right: RV residuals after subtracting only the model variation due to the inner planet,
plotted as a function of phase of the outer planet. Here zero phase corresponds to the time of inferior conjunction for the outer planet.
Right, second panel: RV residuals after subtracting only the model variation due to the outer planet, plotted as a function of phase of the
inner planet. Right, bottom panel: Spectral line bisector spans (BSs) plotted as a function of phase of the inner planet. Note the different
vertical scales of all of the panels.
changes in the parameters (5000 A˚ and 6000 A˚).
We then followed Sozzetti et al. (2007) to determine
the fundamental stellar parameters (M?, R?, L?, age,
etc.). In particular, we used the stellar density ρ? deter-
mined from the photometric light curve, combined with
the Teff? and [Fe/H] measurements, to characterize the
host star. The parameters were obtained by combining
the spectroscopic and photometric parameters with the
Yonsei-Yale stellar evolution models (Y2; Yi et al. 2001).
This provided a revised estimate of log g?, which was
fixed in a second iteration of ZASPE that returned the
final values of the stellar parameters.
We find that the star HATS-59 has a mass of 1.038±
0.039M, a radius of 1.036 ± 0.067R, and is at a
reddening-corrected distance of 630 ± 43 pc. The dis-
tance estimated using isochrone fitting is in agreement
with the distance estimated using Gaia data. Figure 6
shows the location of the star on the Teff?-ρ? diagram and
the final adopted stellar parameters are listed in Table 3.
3.2. Excluding Blend Scenarios
In order to rule out the possibility that HATS-59 is a
blended stellar eclipsing binary system, we carried out a
blend analysis of the photometric data following Hart-
man et al. (2012). We find that although blended stellar
eclipsing binary models can be found which fit the avail-
able photometric data, these models would produce obvi-
ously composite spectroscopic cross-correlation functions
(CCFs) that are inconsistent with the observed CCFs.
For example, in all cases the spectral line bisector spans
(BSs) computed from the simulated CCFs have scatter
in excess of 10 km s−1, whereas, excluding one outlier,
the scatter of the measured FEROS BSs is ∼ 100 m s−1.
Similarly the RVs of the simulated CCFs are in excess
of 500 m s−1, whereas the observed FEROS RVs have
a scatter of 130 m s−1 (dominated by the planetary sig-
nals). We conclude that HATS-59 is not a blended stellar
eclipsing binary, and is instead a transiting planet sys-
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TABLE 2
Relative radial velocities and bisector span measurements of
HATS-59.
BJD RVa σRV
b BS σBS Phase Instrument
(2 450 000+) (m s−1) (m s−1) (m s−1)
5722.48192 −156.41 34.00 −25.0 16.0 0.163 FEROS
5725.50346 72.59 41.00 −64.0 19.0 0.721 FEROS
5736.54834 −43.41 29.00 10.0 14.0 0.760 FEROS
5737.51083 −49.41 31.00 7.0 15.0 0.938 FEROS
5738.54029 −166.41 33.00 −52.0 16.0 0.128 FEROS
5754.47565 −35.41 48.00 −29.0 21.0 0.070 FEROS
5756.49554 −36.41 45.00 −111.0 20.0 0.443 FEROS
5757.52534 97.59 52.00 −177.0 21.0 0.633 FEROS
5934.15946 104.14 109.00 · · · · · · 0.246 CYCLOPS
5934.86914 72.59 33.00 8.0 16.0 0.377 FEROS
5936.80355 219.59 27.00 4.0 13.0 0.735 FEROS
5938.23445 22.14 177.00 · · · · · · 0.999 CYCLOPS
5938.87128 69.59 30.00 −11.0 14.0 0.116 FEROS
5939.81042 39.59 31.00 −6.0 15.0 0.290 FEROS
5943.16020 244.14 82.00 · · · · · · 0.908 CYCLOPS
5969.77597 130.39 36.00 −61.0 26.0 0.822 Coralie
5988.70024 74.59 28.00 0.0 14.0 0.317 FEROS
6056.06292 136.14 29.00 · · · · · · 0.754 CYCLOPS
6057.03928 318.14 27.00 · · · · · · 0.934 CYCLOPS
6059.00663 65.14 73.00 · · · · · · 0.298 CYCLOPS
6059.08191 46.14 30.00 · · · · · · 0.312 CYCLOPS
6375.71072 224.59 24.00 87.0 12.0 0.773 FEROS
6376.71477 101.59 26.00 237.0 13.0 0.958 FEROS
6377.76897 · · · · · · 258.0 12.0 0.153 FEROS
6378.63214 · · · · · · 1107.0 13.0 0.312 FEROS
6424.70951 229.59 40.00 −90.0 18.0 0.820 FEROS
6427.67642 54.59 69.00 −123.0 30.0 0.367 FEROS
6464.53773 −119.61 50.00 43.0 32.0 0.173 Coralie
6465.53888 85.39 43.00 65.0 29.0 0.358 Coralie
6694.77700 −71.73 6.28 · · · · · · 0.684 PFS
6696.82969 −214.95 4.90 · · · · · · 0.063 PFS
6697.75879 −248.73 4.86 · · · · · · 0.234 PFS
6700.82214 −101.76 5.72 · · · · · · 0.800 PFS
6703.71677 −296.25 8.71 · · · · · · 0.334 PFS
6727.73071 24.39 48.00 −95.0 32.0 0.768 Coralie
6728.62473 −128.61 36.00 −61.0 29.0 0.933 Coralie
6729.69322 −197.61 37.00 76.0 29.0 0.131 Coralie
6730.68884 −209.61 46.00 −119.0 32.0 0.314 Coralie
6731.74803 −109.61 55.00 104.0 32.0 0.510 Coralie
6732.69422 −158.61 41.00 15.0 26.0 0.685 Coralie
7182.46643 32.59 11.00 16.0 15.0 0.729 FEROS
7185.59484 −117.41 19.00 −27.0 25.0 0.306 FEROS
7462.66518 204.59 11.00 −28.0 16.0 0.464 FEROS
7463.86306 302.59 16.00 −37.0 21.0 0.685 FEROS
7464.73538 254.59 14.00 −29.0 19.0 0.846 FEROS
a Relative RVs, with γRV subtracted.
b Internal errors excluding the component of astrophysical/instrumental
jitter considered in Section 3.
tem.
3.3. Global Modeling of the Data
To measure the orbital and physical properties of the
planets, we modeled all the photometric data (the HAT-
South and follow-up photometric data) and the high-
precision RV measurements following Pa´l et al. (2008)
Bakos et al. (2010) and Hartman et al. (2012).
All the photometric light curves were modeled using
the Mandel & Agol (2002) transit models with fixed
quadratic limb darkening coefficients taken from Claret
(2004). For the HATSouth discovery photometric light
curves, we also considered a dilution factor for the transit
depth that accounts for possible blends from neighbor-
ing stars and possible over-correction introduced by the
trend filtering algorithm (TFA; removes trends shared
with other stars; Bakos et al. 2010; Kova´cs et al. 2005).
As for the photometric follow-up light curves, the sys-
tematic trends were corrected by including a quadratic
trend to the transit model. We also added a linear trend,
with up to three parameters, to reconstruct the shape of
the PSF. This trend compensates for changes in the PSF
during the observations, which could be due to poor guid-
ing, non-photometric conditions, or changes in the seeing
during the transit observations.
We fit the RVs, taken with different spectrographs,
with a Keplerian orbit allowing the zero-point and the
RV jitter, for each instrument, to vary independently
in the fit. Our RVs support the existence of a second
planet on top of the transiting one, and therefore models
with two planets were considered in the modelling. We
considered four different scenarios where one or both of
the planets had a fixed circular orbit, or was allowed to
have non-zero eccentricity. To choose between the dif-
ferent scenarios, we estimated the Bayesian evidence for
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Fig. 6.— Model isochrones (black solid lines) from Yi et al.
(2001) for the measured metallicity of HATS-59. The age of each
isochrone in Gyr is labeled in black font. We also show evolutionary
tracks for stars of fixed mass (dashed green lines) with the mass of
each tracked labeled in solar mass units in green font. The adopted
values of Teff? and ρ? are shown using the filled blue circle together
with their 1σ and 2σ confidence ellipsoids (blue lines). The initial
values of Teff? and ρ? from the first ZASPE and light curve analysis
are represented with the red open triangle.
each model following Weinberg et al. (2013), and then
adopted the model with the highest evidence, which we
find to be a model in which the interior transiting planet
has a non-zero eccentricity, while the exterior planet has
a circular orbit. The evidence for this model is a mod-
est factor of 2.4 times greater than the evidence for the
model in which both planets are assumed to have circu-
lar orbits, 7 times greater than the model in which the
interior planet is circular and the exterior planet has an
eccentric orbit, and 19 times greater than the model in
which both planets have non-zero eccentricities.
This analysis makes use of a differential evolution
Markov Chain Monte Carlo procedure (DEMCMC; ter
Braak 2006) to estimate the posterior parameter dis-
tributions, which we use to determine the median pa-
rameter values and their 1σ uncertainties. We find
that the transiting planet HATS-59b has a mass of
0.806 ± 0.069MJ, a radius of 1.126 ± 0.077RJ, and a
non-zero eccentricity of e = 0.129 ± 0.049. For the sec-
ond planet, which we dub HATS-59c, we find that is well
fit by a circular Keplerian orbit with P = 1422±14 days,
K = 224 ± 14 m s−1, implying a minimum mass for the
companion of m sin i = 12.70 ± 0.87MJ, where i is the
orbital inclination of HATS-59c.
4. DISCUSSION
We present the discovery of HATS-59, the first multi-
planet system detected by the HATSouth survey. The
inner planet, HATS-59b, is a transiting hot Jupiter on
an eccentric orbit, completing one revolution every ≈ 5
days. The outer planet, HATS-59c, is a cold massive
giant planet on a circular orbit with a period of 1422
days.
4.1. Possible Formation Scenarios of HATS-59b,c
The architecture of HATS-59b,c poses a challenge for
planet formation and migration scenarios. Can core ac-
cretion explain the presence of a hot Jupiter and a mas-
sive gas giant in the same system? Schlaufman (2018)
found that planets with M > 10MJ do not preferentially
orbit metal-rich solar-like stars, suggesting that these ob-
jects most likely did not form via core accretion but via
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Fig. 7.— Mass - Radius diagram for the full population of well
characterized transiting planets colour coded by their equilibrium
temperature. HATS-59b is shown in red. The Fortney et al.
(2007) models of planetary structure are also plotted as green lines.
The four models correspond to gaseous planets with a=0.045 AU,
age=4.3 Gyr, and core masses of 0, 25, 50, and 100 M⊕.
gravitational instability. The architecture of HATS-59b,c
hence suggests that both core accretion and gravitational
instability could have occurred in the same system, which
was also previously suggested by Triaud et al. (2017) for
WASP-53bc and WASP-81bc.
The current water iceline is around 2.92 au, suggest-
ing that both HATS-59b and HATS-59c formed beyond
the iceline and then migrated inwards to their present
locations. The presence of HATS-59c, a massive com-
panion close to the deuterium burning limit (Mollie`re
& Mordasini 2012), could have scattered HATS-59b in-
wards resulting in its present eccentric orbit. Due to its
mass, type-II migration is reduced even below the viscous
limit for HATS-59c (Baruteau et al. 2014), resulting in
only little inward migration, potentially explaining its
long period.
4.2. Transit Timing Variations
Variations in the times of transits can be attributed
to the presence of a secondary planet in the system (e.g.
Agol et al. 2005; Mancini et al. 2016; Almenara et al.
2018). The maximum transit variation expected for the
inner planet is on the order of 10−10 s, undetectable with
current instruments. However, this depends on the mu-
tual inclination between the inner and outer planet.
4.3. The Inner Transiting Planet HATS-59b
In Figure 7, we plot the masses and radii of all the
transiting exoplanets having these parameters measured
with a precision better than 20%. HATS-59b lies in a
densely populated region of the parameter space, where
numerous non inflated giant planets with similar proper-
ties have been detected. In terms of structure, HATS-59b
is similar to HAT-P-29 b (Mp = 0.78MJ, Rp = 1.11RJ,
and P = 5.7 days; Buchhave et al. 2011); and K2-115 b,
(Mp = 0.84MJ, Rp = 1.12RJ, and P = 20.3 days; Sh-
porer et al. 2017), however with a significantly shorter
period.
We compare the mass and radius of HATS-59b to
the theoretical models of Fortney et al. (2007), for a
hydrogen-helium dominated planets with different core
masses, at a distance of 0.045 AU, and an age of 4.3
Gyr. We find that its composition is consistent with a
gas-dominated planet with a core mass Mc < 25M⊕.
However, these models assume that all the solid material
is located inside the core. According to Thorngren et al.
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TABLE 3
Stellar Parameters for HATS-59
Parameter Value Source
Identifying Information
R.A. (h:m:s) 11h21m18.00s 2MASS
Dec. (d:m:s) −22◦23′17.4′′ 2MASS
R.A.p.m. (mas/yr) −24.16± 0.047 Gaia DR2
Dec.p.m. (mas/yr) 0.92± 0.03 Gaia DR2
Parallax (mas) 1.52± 0.03 Gaia DR2
GSC ID GSC 6090-00133 GSC
2MASS ID 2MASS 11211786-2223174 2MASS
Spectroscopic properties
Teff? (K) . . . . . . . . . 5670± 91 ZASPE a
[Fe/H] . . . . . . . . . . . . 0.180± 0.064 ZASPE
v sin i (km s−1) . . . 2.80± 0.61 ZASPE
γRV (m s
−1) . . . . . . −10887± 11 FEROS
Photometric properties
B (mag) . . . . . . . . . . 14.727± 0.020 APASS
V (mag) . . . . . . . . . . 13.951± 0.030 APASS
g (mag) . . . . . . . . . . 14.286± 0.030 APASS
r (mag) . . . . . . . . . . 13.725± 0.030 APASS
i (mag) . . . . . . . . . . . 13.551± 0.040 APASS
J (mag) . . . . . . . . . . 12.590± 0.024 2MASS
H (mag). . . . . . . . . . 12.299± 0.030 2MASS
Ks (mag). . . . . . . . . 12.238± 0.030 2MASS
G (mag) . . . . . . . . . . 13.785 Gaia DR2
Derived properties
M? (M). . . . . . . . . 1.038± 0.039 Y2+ρ?+ZASPE b
R? (R) . . . . . . . . . 1.036± 0.067 Y2+ρ?+ZASPE
log g? (cgs) . . . . . . . 4.422± 0.053 Y2+ρ?+ZASPE
ρ? (g cm−3) c . . . . . 1.59± 0.54 Light curves
ρ? (g cm−3) c . . . . . 1.31± 0.24 Y2+Light curves+ZASPE
L? (L) . . . . . . . . . . 0.99± 0.16 Y2+ρ?+ZASPE
MV (mag) . . . . . . . . 4.86± 0.19 Y2+ρ?+ZASPE
MK (mag,ESO) 3.24± 0.14 Y2+ρ?+ZASPE
Age (Gyr) . . . . . . . . 4.3± 2.3 Y2+ρ?+ZASPE
AV (mag)
d . . . . . . 0.091± 0.074 Y2+ρ?+ZASPE
Distance (pc) . . . . . 654± 14 Gaia DR2
a ZASPE = “Zonal Atmospherical Stellar Parameter Estimator” method for the analysis
of high-resolution spectra (Brahm et al. 2017b) applied to the FEROS spectra of HATS-
59. These parameters rely primarily on ZASPE, but have a small dependence also on the
iterative analysis incorporating the isochrone search and global modeling of the data, as
described in the text.
b Isochrones+ρ?+ZASPE = Based on the Y
2 isochrones (Yi et al. 2001), the stellar
density used as a luminosity indicator, and the ZASPE results.
c We list two values for ρ?. The first value is determined from the global fit to the light
curves and RV data, without imposing a constraint that the parameters match the stellar
evolution models. The second value results from restricting the posterior distribution to
combinations of ρ?+Teff?+[Fe/H] that match to a Y
2 stellar model.
d Total V band extinction to the star determined by comparing the catalog
broad-band photometry listed in the table to the expected magnitudes from the
Isochrones+ρ?+ZASPE model for the star. We use the Cardelli et al. (1989) extinc-
tion law.
(2016), HATS-59b could have a larger amount of heavy
elements in its interior (∼ 50 M⊕) if they are predomi-
nantly mixed in the gaseous envelope.
4.3.1. Possible Migration Scenarios of HATS-59b
Hot Jupiters are thought to form beyond the iceline
and migrate inwards via disk or high eccentricity mi-
gration, where the latter requires an outer planetary or
stellar companion. Observations of the projected spin-
orbit angle via the Rossiter-McLaughin (RM) effect pro-
vides an approach to distinguish between these migration
scenarios. Disk migration predicts circular and aligned
orbits, whereas the high eccentricity migration can pro-
duce a broad range of obliquities, depending mostly on
the scattering mechanism and on the effectiveness of tidal
interactions at damping obliquities.
The amplitude of the RM effect scales with v sin i, the
projected rotational velocity of the star. We predict an
RM amplitude of 23 − 36 m s−1 for v sin i = 2.2 − 3.4
km s−1. Measuring the RM amplitude for this faint star
(V = 13.951 ± 0.030 mag), is challenging but plausible
using HIRES (Vogt et al. 1994; Wang et al. 2018) on the
Keck telescope or with the new high-resolution spectro-
graph, ESPRESSO (Pepe et al. 2014) at the Very Large
Telescope.
Disk migration predicts that planets can migrate
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TABLE 4
Parameters for the planets HATS-59b,c.
Parameter HATS-59b HATS-59c
Value a Value a
Light curve parameters
P (days) . . . . . . . . . . . . . . . . . . . . . 5.416081± 0.000016 1422± 14
Tc (BJD) b . . . . . . . . . . . . . . . . . . . 2456620.66527± 0.00052 2456521± 11
T14 (days) b . . . . . . . . . . . . . . . . . . 0.1497± 0.0017 0.957± 0.054
T12 = T34 (days) b . . . . . . . . . . . 0.0186± 0.0016 0.0863± 0.0011
a/R? . . . . . . . . . . . . . . . . . . . . . . . . . 12.66± 0.77 518± 32
ζ/R? c . . . . . . . . . . . . . . . . . . . . . . . 15.23± 0.13 · · ·
Rp/R? . . . . . . . . . . . . . . . . . . . . . . . 0.1116± 0.0021 · · ·
b2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.209+0.054−0.056 · · ·
b ≡ a cos i/R? . . . . . . . . . . . . . . . . 0.457+0.056−0.066 · · ·
i (deg) . . . . . . . . . . . . . . . . . . . . . . . 88.10± 0.33 · · ·
Limb-darkening coefficients d
c1, g (linear term) . . . . . . . . . . . . 0.5965 · · ·
c2, g (quadratic term) . . . . . . . . 0.2045 · · ·
c1, R . . . . . . . . . . . . . . . . . . . . . . . . . 0.3628 · · ·
c2, R . . . . . . . . . . . . . . . . . . . . . . . . . 0.3129 · · ·
c1, r . . . . . . . . . . . . . . . . . . . . . . . . . . 0.3896 · · ·
c2, r . . . . . . . . . . . . . . . . . . . . . . . . . . 0.3085 · · ·
c1, i . . . . . . . . . . . . . . . . . . . . . . . . . . 0.2930 · · ·
c2, i . . . . . . . . . . . . . . . . . . . . . . . . . . 0.3208 · · ·
c1, z . . . . . . . . . . . . . . . . . . . . . . . . . . 0.2259 · · ·
c2, z . . . . . . . . . . . . . . . . . . . . . . . . . . 0.3232 · · ·
RV parameters
K (m s−1) . . . . . . . . . . . . . . . . . . . . 92.1± 7.8 224± 14
e e . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.129± 0.049 < 0.083
ω . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227± 29 · · ·√
e cosω . . . . . . . . . . . . . . . . . . . . . . −0.233± 0.084 · · ·√
e sinω . . . . . . . . . . . . . . . . . . . . . . −0.25+0.18−0.11 · · ·
e cosω . . . . . . . . . . . . . . . . . . . . . . . . −0.082± 0.034 · · ·
e sinω . . . . . . . . . . . . . . . . . . . . . . . . −0.090± 0.065 · · ·
FEROS RV jitter (m s−1) f . . . < 20.7 · · ·
Coralie RV jitter (m s−1) f . . . 58± 44 · · ·
PFS RV jitter (m s−1) f . . . . . . 24± 14 · · ·
CYCLOPS RV jitter (m s−1) f 93± 40 · · ·
Planetary parameters
Mp (MJ) . . . . . . . . . . . . . . . . . . . . . 0.806± 0.069 · · ·
Mp sin i (MJ) . . . . . . . . . . . . . . . . · · · 12.70± 0.87
Rp (RJ) . . . . . . . . . . . . . . . . . . . . . . 1.126± 0.077 · · ·
C(Mp, Rp) g . . . . . . . . . . . . . . . . . 0.05 · · ·
ρp (g cm−3) . . . . . . . . . . . . . . . . . . 0.70± 0.16 · · ·
log gp (cgs) . . . . . . . . . . . . . . . . . . . 3.195± 0.069 · · ·
a (AU) . . . . . . . . . . . . . . . . . . . . . . . 0.06112± 0.00076 2.504± 0.035
Teq (K) h . . . . . . . . . . . . . . . . . . . . 1128± 40 175.9± 6.4
Θ i . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0841± 0.0093 · · ·
〈F 〉 (erg s−1 cm−2) i . . . . . . . . . . (3.66± 0.53)× 108 (2.16± 0.32)× 105
a For each parameter we give the median value and 68.3% (1σ) confidence intervals from
the posterior distribution. Reported results assume an eccentric orbit for HATS-59b and
a circular orbit for HATS-59c.
b Reported times are in Barycentric Julian Date calculated directly from UTC, without
correction for leap seconds. Tc: Reference epoch of mid transit that minimizes the cor-
relation with the orbital period. Note that HATS-59c has not been observed to transit.
We list here the time of mid transit, implied by the orbital solution, in the event that
the orbital inclination permits transits. T14: total transit duration, time between first
to last contact; T12 = T34: ingress/egress time, time between first and second, or third
and fourth contact. For HATS-59c T14 and T12 are calculated assuming central transits
(i = 90◦ orbit) and a Jupiter radius for the planet.
c Reciprocal of the half duration of the transit used as a jump parameter in our MCMC
analysis in place of a/R?. It is related to a/R? by the expression ζ/R? = a/R?(2pi(1 +
e sinω))/(P
√
1− b2√1− e2) (Bakos et al. 2010).
d Values for a quadratic law, adopted from the tabulations by Claret (2004) according to
the spectroscopic (ZASPE) parameters listed in Table 3.
e For HATS-59c we list the 95% confidence upper-limit on the eccentricity. All other
parameters listed are determined assuming a circular orbit for this planet.
f Error term, either astrophysical or instrumental in origin, added in quadrature to the
formal RV errors. This term is varied in the fit independently for each instrument assuming
a prior that is inversely proportional to the jitter.
g Correlation coefficient between the planetary mass Mp and radius Rp determined
from the parameter posterior distribution via C(Mp, Rp) = 〈(Mp − 〈Mp〉)(Rp −
〈Rp〉)〉/(σMpσRp )〉, where 〈·〉 is the expectation value, and σx is the std. dev. of x.
h Planet equilibrium temperature averaged over the orbit, calculated assuming a Bond
albedo of zero, and that flux is reradiated from the full planet surface.
i The Safronov number is given by Θ = 12 (Vesc/Vorb)
2 = (a/Rp)(Mp/M?) (see Hansen &
Barman 2007).
j Incoming flux per unit surface area, averaged over the orbit.
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Fig. 8.— Planetary mass vs a/aroche for single (small gray cir-
cles), known multi-planetary systems (blue circles), and systems
showing a linear trend (green triangles). HATS-59b is shown as a
red square. Most of the multi-planetary systems have a/aroche > 2,
which supports the high eccentricity migration scenario.
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Fig. 9.— Msini vs period for the outer companions where the
orbit was fully observed (blue circle). HATS-59c (red square) has
the third longest period, where only 9 companions have been char-
acterised.
up until they reach the planet-star Roche separation
(aroche), the critical distance within which a planet would
start losing mass (Faber et al. 2005). On the other hand,
high-eccentricity migration predicts planets will circu-
larize at a semimajor axis greater than 2aroche. This
mechanism would require that hot Jupiters are excited
to eccentric orbits, often by being scattered by a distant
massive companion, and survived the tidal dissipation
process required to circularize their final orbits (Faber
et al. 2005; Ford 2006).
Many distant planetary companions to hot Jupiters
have been detected (Knutson et al. 2014). In Figure 8
we show planetary mass plotted against a/aroche, where
aroche = 2.7Rp
(
M∗
Mp
)1/3
, (1)
for all hot Jupiters whose mass and radii are determined
with a precision better than 30% (small gray circles).
Blue circles show all the hot Jupiters with a fully re-
solved orbit of the outer planetary companion and green
triangle represent the systems whose RVs show a linear
trend, taken from Knutson et al. (2014). The position
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Fig. 10.— Transit probability for HATS-59c for an aligned config-
uration with HATS-59b as a function of the maximum separation
in inclination between both planets. The blue line shows the a pri-
ori probability for HATS-59c to transit. A maximum probability
of ≈ 4 % would occur if the orbital plane of HATS-59c is inclined
around 3 deg with respect to that of HATS-59b.
TABLE 5
Future transit
windows.
Date Sun distance
(UT) (h)
2021-05-30 6.8
2025-04-21 9.4
2029-03-13 12.2
of HATS-59b is shown with a red square. All but one
multi-planet system have a/aroche > 2, HAT-P-7b, with
a value a/aroche only slightly lower than 2. The available
data on hot Jupiters with companions indicate that high
eccentricity migration could be the main mechanism for
placing the gas giant on a close-in orbit in these systems.
We compare the parameters of HATS-59c to all the
detected planetary companions whose orbit is fully re-
solved. Figure 9 shows the position of HATS-59c (red
square) on the minimum mass-period diagram with the
other discovered companions (blue circles). With a pe-
riod of 1422 days, HATS-59c has the third longest pe-
riod, indicating how few outer companions to transiting
hot Jupiters have been characterised due to the lack of
RV follow-up observations. All of the companions have
minimum masses above 1 MJ, which is most likely due
to selection effects.
4.4. Possible Transits of HATS-59c
As was stated in the previous section, knowing the mu-
tual inclination between HATS-59b and HATS-59c can
be useful to further clarify the possible migration path
of this system. The host star is too faint for the GAIA
mission to be able to measure the astrometric signal of
HATS-59c. However, the inclination of HATS-59c with
respect to the plane of the sky could be measured if it
also transits its star. While the a priori probability of
transit for HATS-59c is ∼ 0.2%, if we consider that the
two planets are co-planar, then the probability of tran-
sit raises by one order of magnitude. Figure 10 shows
the transit probability of HATS-59c for different assumed
maximum mutual inclinations (δi) between the orbital
plane of the planets. The probabilities were computed
following the formalism of Beatty & Seager (2010). The
maximum probability (3.8%) occurs if the mutual incli-
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nation between the planets is around 3 deg.
The future transit windows for HATS-59c are listed
in Table 5. In this table we indicate the center of the
transit window and the distance of the target from the
Sun at the time of putative transit center. Currently, the
width of the transit window is quite large (> 50 days)
due to the large uncertainties in the ephemeris. Long
term RV monitoring of the system would be useful to
further constrain the width of the transit window.
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